Identification and imaging different lipid species within phase-separated model membranes by integration of TOF-SIMS and principal component analysis by Vaezian, Bita
  
 
 
 
 
 
 
 
 
© 2010 Bita Vaezian 
 
 
 
 
 
 
 
 
 
 
 
  
 
IDENTIFICATION AND IMAGING DIFFERENT LIPID SPECIES WITHIN PHASE-SEPARATED 
MODEL MEMBRANES BY INTEGRATION OF TOF-SIMS AND PRINCIPAL COMPONENT 
ANALYSIS  
 
BY 
 
BITA VAEZIAN 
 
THESIS 
 
Submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Chemical Engineering 
in the Graduate College of the 
University of Illinois at Urbana-Champaign, 2010 
Urbana, Illinois 
 
                   Advisor: 
 
                          Assistant Professor Mary L. Kraft 
 
 
 
 
 
 
 ii 
 
ABSTRACT 
 
Time of flight secondary ion mass spectrometry (TOF-SIMS) enables chemically 
imaging the distributions of various lipid species in model membranes.  However, discriminating 
the TOF-SIMS spectra of structurally similar lipids is very difficult because the low mass 
fragment ions that are abundant in the spectra are common to multiple lipid species.  Here we 
demonstrate that principal component analysis (PCA) can discriminate the TOF-SIMS spectra of 
four unlabeled saturated phosphatidylcholine species, 1,2-dilauroyl-sn-glycero-3-phosphocholine 
(DLPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), according to 
variations in the relative intensities of their fragment ions.  PCA of TOF-SIMS spectra acquired 
slightly above the static limit enabled imaging the distributions of these phosphatidylcholine 
species in phase-separated membranes composed of DLPC/DSPC and DLPC/DPPC with higher 
contrast and specificity than that in the individual TOF-SIMS ion images.  Comparison to atomic 
force microscopy images that were acquired at the same membrane location prior to TOF-SIMS 
analysis confirmed that the PC scores images reveal the sizes and shapes of the phase-separated 
membrane domains. The lipid composition within these domains was identified by projection of 
their TOF-SIMS spectra onto PC models developed using pure lipid standards. This approach 
may enable the routine chemical imaging of more complex membranes.   
 The feasibility of detecting and imaging membrane glycans using TOF-SIMS has also 
been investigated. Glycans are complex carbohydrates attached to lipids and proteins on the 
surface of animal cells. Since changes in glycosylation are correlated with tumor invasion and 
cancer metastasis, knowledge of glycan structures and locations on individual cells is required to 
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determine their normal and disease-related functions. Here we combined PCA with matrix-
enhanced SIMS (ME-SIMS), which is the combination of MALDI sample preparation with 
TOF-SIMS analysis, for the goal of identifying spectral features that encode for glycan 
composition. We demonstrate that ME-SIMS can increase the efficiency of ionization of 
glycosphingolipids, such as galactosyceramide (GalCer) and glucosylceramide (GlcCer), and 
PCA of the resulting spectra enables distinguishing and identifying these components according 
to combinations of mass spectral peaks that are characteristic to each component. 
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CHAPTER 1. INTRODUCTION 
 
1.1 Cell Membranes 
Cell membranes are biological membranes that separate the interior of a cell from the 
outside environment, thereby establishing the borders of the individual cell.  Cell membranes are 
non-covalent biological structures, consisting of a fluid lipid bilayer that contains a variety of 
molecules, including proteins and carbohydrates.  The three most common classes of lipids in 
cell membranes, phospholipids, glycolipids, and steroids, are amphipathic, so they are arranged 
in a bilayer configuration with their hydrophilic polar head groups located toward tissue water, 
and their hydrophobic tails toward the inside of the bilayer. 
Lipids were first thought to be randomly distributed within cellular membranes, forming 
a homogeneous lipid bilayer matrix
1
.  According to the classic fluid mosaic model, the lipids and 
proteins are free to diffuse laterally within the membrane, implying a lack of component 
organization.  However in the last decades, research has suggested that certain lipid species, 
namely glycosphingolipids, cholesterol, and sphingomyelin, are segregated within  distinct 
microdomains in the membrane that are called lipid rafts.
2-7
  The formation of these domains is 
thought to be due to favorable interactions between these components.  Rafts are believed to 
influence the membrane mobility, and mediate several functions, such as signaling, regulating, 
and trafficking.
3,8
  
In spite of their important role in cellular processes, the spatial arrangement of specific 
lipids and other membrane molecules is not fully understood.  One reason is that the complexity 
of cell membrane makes it difficult to study their distribution.   Another obstacle to acquire this 
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knowledge is the lack of a suitable method to identify and visualize membrane lipids with 
adequate spatial resolution while retaining chemical information. 
 
 
Figure ‎1.1. Illustration of cell membrane 
 
Because of the complexity of cell membranes, simplified synthetic models of cellular 
membranes have been widely studied in order to understand the phase behavior and properties of 
biological membranes.
10-15
 There are two models of lipid membranes: supported lipid bilayers 
(SLBs) and giant unilamellar vesicles (GUVs).  Similar to cell membranes, these lipids in these 
model membranes are arranged in a bilayer, in which the polar lipid headgroups are positioned at 
the outer surface of the membrane, and the hydrophobic tails are located inside of the bilayer. 
(Figure 1.2)  
 
Figure ‎1.2. Model lipid membranes, (A) Giant Unilamellar Vesicle (GUV), (B) Supported Lipid Bilayer 
(SLB) 
GUV
GUV
SLB(B) SLB
(A) GUV
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The planar orientation of supported lipid bilayers renders them amenable to many 
characterization tools. .  Supported lipid bilayers can be prepared with several procedures, such 
as: Langmuir–Blodgett16, spin coating17 and vesicle fusion.  In the vesicle fusion method (Figure 
1.3), a lipid bilayer is self-assembled on the surface of a substrate. Upon contact with the 
substrate, the small unilamellar vesicles (SUVs) deform and fuse with each other. The resulting 
large vesicles then rupture onto the substrate, forming a planar supported lipid bilayer.
18 
 
 
 
Figure ‎1.3. Vesicle fusion method. Adsorbed vesicles deform, rupture and form surface supported 
membrane.
18 
 
1.2 Phase separated supported lipid membranes 
Lipid rafts are thought to form a more ordered and tightly packed lipid phase than that 
found in the surrounding bilayer, but diffuse freely within the membrane bilayer. Therefore,   
multi-component supported lipid bilayers has been extensively studied in order to identify the 
lipid-lipid interactions that cause phase separation.
19
 These studies have revealed that in the 
absence of cholesterol, differences in the lengths of the fatty acid tails in the lipids leads to 
Adsorption
Deformation
Rupture
Fusion
SLB Formation
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hydrophobic mismatch, which causes the lipids to separated into fluid- and gel-phase 
domains.
20,21
 The addition of cholesterol to the membrane affects lipid miscibility and domain 
properties.
22-25
 Because cholesterol-lipid interactions are thought to drive the formation of lipid 
rafts in cells, characterizing the effects of cholesterol on the biophysical, structural, and chemical 
compositions of phase-separated domains in model membranes is the goal in much research. 
Several methods have been used to study supported lipid membranes, each with their own 
strengths and weaknesses. In the following paragraphs we will briefly discuss fluorescence 
microscopy, atomic force microscopy (AFM), and time of flight secondary ion mass 
spectrometry (TOF-SIMS), which are most often used to characterize the biophysical, structural, 
and compositional properties, respectively, of phase-separated domains in model membranes. 
 
1.3 Fluorescence microscopy 
Fluorescence microscopy is frequently used to study sample quality and phase separation 
in membranes due to its ease of use. High sensitivity and selectivity to the labeled components 
and dynamic interactions can be monitored in real time.  By adding fluorescent lipophilic dyes 
that selectively partition into different lipid phases to the membrane, lipid immiscibility can be 
visualized. However the lipid composition and chemical information within each phase is not 
determined.  By using advanced fluorescence microscopy techniques, the biophysical properties 
of fluorescent lipid components can be characterized with high lateral resolution (<50 nm) to 
track the lateral diffusion of the fluorescent molecule within the membrane.
26-29
 This method can 
be used for observing the lipid distribution in a model membrane by attaching fluorophore to a 
small fraction (typically 1 to 2 percent) of the lipids of interest. However this approach has 
disadvantages: only the small fraction of labeled lipids is visualized, and bulky and chemically 
complex fluorophores may alter the behavior of the relatively small lipids that they label.
30-32
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Thus fluorescence microscopy has provided valuable information on membrane biophysics and 
insight into phase separation, but structural and compositional information must be acquired with 
a different method. 
 
1.4 Atomic Force Microscopy 
AFM is an instrument for visualizing and measuring nanometer scale features.  The main 
advantage of AFM is that it makes measurement in 3- dimensions (x, y and z) and can present 
the 3D images of a sample surface.  In addition, AFMs require neither any special sample 
preparation nor a vacuum environment, and can be used in both ambient and liquid environment.  
The AFM measurement is based on the interaction forced between the sample surface and a 
probe located very close to it.  Different forces attract or repeal the tip.  Therefore, the sample is 
scanned and the images are formed by recording the forces.
33
 In the tapping mode, the tip 
cantilever oscillates at the sample surface.  As shown in Figure 1.4, the output from a laser is 
directed on the back of the cantilever and reflected to the photodiode.  When the probe at the end 
of the cantilever interacts with the surface, the cantilever bends, therefore, the light path and the 
amount of light to the photo-detector section change.  In total, based on the force between the 
probe and sample, and the output, the images will be created.  
AFM has been used to image the sizes, shapes, and other structural properties of phase-
separated lipid domains in model membranes according to the variations in bilayer thickness 
caused by acyl chain packing within different lipid phases. Thermodynamic properties, such as 
the interfacial line tension, can also be extracted from these images by analyzing the area to 
perimeter ratios of the domains.  However, the precise lipid composition within the lipid 
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domains, and the biophysical properties of the membrane must be assessed with other 
techniques.   
 
Figure ‎1.4. Schematic representation of the components of the equipment for atomic force microscopy.
34
 
 
1.5 Time of Flight Secondary Ion Mass Spectrometry 
Time of Flight Secondary Ion Mass Spectrometry (TOF-SIMS) is a surface 
characterization technique that can provide chemical and molecular information about sample 
surfaces and image the distributions of components of interest.  The main principle in the SIMS 
technique is the use of a primary ion beam, generated by a liquid metal ion gun (LMIG), which is 
focused on the sample. This results in ejection and sputtering of the neutral and ionized species 
and molecular fragments from the surface of the sample.
35
  The ionized species, which are called 
secondary ions, are extracted into a mass analyzer that identifies their masses based on the time 
the secondary ions took to reach the detector. A mass spectrum is then generated (Figure 1.5).  
By scanning the pulsed ion beam across the sample and collecting a full mass spectrum at each 
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point of analysis, the intensities of the location- and component-specific secondary ions can be 
used to map the distributions of molecules of interest (Figure 1.6).
36 
   
 
Figure ‎1.5. Schematic drawing of TOF-SIMS instrument.  
 
 
Figure ‎1.6. Simplified schematic of TOF-SIMS analysis.  Mass spectra are acquired from an array of sub-
micron regions on the sample. The intensities of component-specific‎ions‎are‎used‎to‎map‎the‎sample’s‎
composition. 
Primary Ion 
Beam
Mass 
Spectrometer
Sample
Secondary Ion
In
te
n
si
ty
M/Z
Total ion image of 
analysis region
Single ion image of 
analysis region
20µm20µm
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TOF-SIMS has been used to image the lipid distribution within model membranes.
37-49
  
However, as discussed in more detail in Chapter 2, interpreting the TOF-SIMS data acquired 
from lipid membrane is extremely challenging, and limits the potential for this technique. 
 
1.6 Principal Component Analysis 
Pattern recognition techniques such principal component analysis (PCA), are widely 
employed for analysis of datasets that cannot be interpret by visual inspection. PCA is an 
eigenvector-based multivariate analysis method that reduces the data density and illuminates 
distinguishing features in the data.  PCA is a variable reduction procedure that identifies patterns 
in data, and highlights their similarities and differences.  PCA reduces the number of original 
variables in a data set into a smaller number of new variables, called principal components (PCs) 
that distinguish the samples. The PCs are linear combinations of the original variables that vary 
the most between samples. Multivariate analysis, such as PCA of TOF-SIMS data involves 
matrix formation, preprocessing, and decomposition. Generally, the data are arranged in a matrix 
  of m rows which shows different samples and n columns which are related to different mass 
peaks. The data matrix   is preprocessed (i.e., normalized, mean-centered, scaled to variance), 
and then is decomposed to a set of new variables.
50-52
  Principal component analysis (PCA) is the 
most common method among many multivariate analysis techniques which is used to interpret 
TOF-SIMS spectra. PCA is a variable reduction procedure, which is used as a method of 
identifying patterns in data and showing up their similarities and differences.  Since identifying 
patterns in data with high dimensional variables is hard, PCA can be used as a powerful model 
for analyzing data to reduce the variables into a smaller set of new variables called principal 
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components (PCs) that are linear combinations of the mass peaks that vary the most between 
samples.  
The mean-centered matrix of TOF-SIMS data,  , is decomposed to the sum of the cross 
product of the vectors ti and pi, and a residual matrix E (eq. 1.1).
52-54
 
 
      
      
        
                        
 
Each ti is a scores’‎vector that describes the location of the samples on the new PC axis 
system. The new axes are defined by pi, the orthogonal vectors of loadings or PCs.
55
 Each 
loading in the pi vector is the amount that shows the contribution of the original variable (mass 
peak) to the ith PC.
56
 Mathematically, the pi is the eigenvector of the covariance matrix of mean-
centered TOF-SIMS data (eq. 1.2), where the covariance matrix is given in eq. 1.3. 
                                                                              
   
   
                                     
   is the transpose of  , and λi is the eigenvalue coupled with the eigenvector pi. The 
eigenvectors and eigenvalues are usually calculated by singular value decomposition performed 
with computational software. Each λi is a measure of the variance captured by the associated 
eigenvector pi, and is used to arrange the tipi pairs (eq. 1.1) from highest to lowest variance 
captured. The ti scores vector is related to the loading vector, pi, by: 
                                           
The relationships between sample spectra can then be visualized by creating a scores plot 
in which the samples are projected onto the new axes, or PCs. Scores images that reveal 
spectrally distinct regions on a sample are constructed by using a pseudo-color scale to represent 
the score value calculated at each pixel in the TOF-SIMS image. Loadings plots that show how 
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the original variables (mass peaks) vary between samples are made by plotting values of the 
individual loadings that make up the loadings vectors.  
PCA is also a promising approach to interpret the location-specific compositional 
information within TOF-SIMS spectra acquired from complex biological samples.  For PCA of 
TOF-SIMS images, the PC model converts the TOF-SIMS data from n ion images of 256 pixels 
× 256 pixels, where n is the number of mass peaks, into a two way array with n columns and 
65536 rows that contained the TOF-SIMS spectral information collected at every pixel.  A score 
value is calculated for each pixel as described above, and then the data is reassembled into an 
image with the same dimensions as the original TOF-SIMS image (256 pixels × 256 pixels).
57
 
The score value at every pixel is encoded by a pseudo-color scale.  This graphic representation of 
the score value at each pixel is called a PC scores image.  The score images of the sample usually 
reveal the locations of spectrally distinct regions in the image with better contrast and clarity 
than that in any of the individual TOF-SIMS images.  A loading plot for each PC shows the 
linear combination of mass peaks that contribute to the PC was generated (Figure 1.8).  In 
summary, PCA decomposes the data matrix into chemically meaningful factors, and provides 
chemically and physically meaningful information that is easier to interpret than the original 
data.   
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Figure ‎1.7. Workflow of applying PCA for analyzing TOF-SIMS data approach to identify and image 
different components on SLBs.  The score images of the bilayer clearly reveal the phase separation and 
the locations of domains within the lipid membrane.  PCA loadings plot shows the mass peaks 
responsible for the classification. 
 
PCA of TOF-SIMS data has enabled discriminating structurally similar molecules that 
could not be distinguished by visual inspection. For example, the TOF-SIMS spectra from 
multiple monosaccharides that are structural isomers, and thus have identical molecular weights 
and fragmentation patterns, cannot be visually discriminated due to the lack of molecule-specific 
fragment ions in their spectra.  However PCA of TOF-SIMS spectra has enabled the 
classification and identification of such monosaccharides based on unique patterns in the relative 
abundances of their fragment ions.
58
  The TOF-SIMS spectra of other structurally similar 
molecules, including proteins,
59-61
 and alkane thiols,
62
 have also been successfully discriminated 
using PCA. PCA also enables identifying the spectra from unknown molecules by comparing the 
molecular fragmentation patterns in the unknown sample to those of known identity.  PCA not 
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only classify samples into groups, but also helps one to understand the relationships among 
sample groups, and identify the variables important for explaining those differences between 
samples.   
 
Figure ‎1.8. (A) Scores plot from PCA model of TOF-SIMS spectra from seven different 
monosaccharides.  Each spectrum (point on the graph) could be separated and grouped by sugar 
composition.  (B) Loading plot shows which mass peaks contributed to each PC. 
 
1.7 Objectives of this work 
The goal of this thesis is to present the development of a TOF-SIMS and multivariate 
analysis approach to discriminate, identify, and image structurally similar, unlabeled, lipids 
within phase-separated model membranes in a chemically specific manner. The overall 
procedure is to 1) prepare phase-separated, supported lipid membranes; 2) image the locations 
and sizes of these domains with AFM; 3) analyze the same sample location with TOF-SIMS; 4) 
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interpret the TOF-SIMS image using multivariate analysis; and 5) verify the results by 
comparison to the AFM images.   
In the next chapter, a more detailed description of the experimental design is provided, 
along with the experimental results. These studies show that principal component analysis (PCA) 
can discriminate the TOF-SIMS spectra of four unlabeled saturated phosphatidylcholine lipids, 
1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) according to variations in the intensities of their 
low mass fragment ions (m/z ≤200).‎They‎also‎demonstrate‎that‎PCA‎of‎TOF-SIMS spectra of 
phase-separated DSPC/DLPC and DPPC/DLPC membranes enabled imaging the distributions of 
each phosphatidylcholine species with higher contrast and specificity than that of individual 
TOF-SIMS ion images. Comparison of the PC scores images to atomic force microscopy (AFM) 
images acquired at the same membrane location before TOF-SIMS analysis confirmed that the 
principal component (PC) scores images reveal the phase-separated membrane domains. The 
lipid composition within these domains was identified by projection of their TOF-SIMS spectra 
onto PC models developed using pure lipid standards. 
Chapter 3 describes that high mass molecular ion of glycosphingolalipids, 
galactosylceramide (GalCer) and glucosylceramide (GlcCer), can be produced by applying TOF-
SIMS on solid mixture of analyte that contain 2,5-dihydroxybenzoic acid (DHB) matrix. The 
Matrix-enhanced SIMS exhibits increase in the ionization efficiency of selected analyte 
molecules fragments. By applying PCA on the positive ion spectra obtained from TOF-SIMS 
and ME-SIMS, the glycosphingolipids with isomer sugars (glucose and galactose) but two fatty 
acid chains that differ in length can be discriminated and grouped based on the variance in their 
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relative abundances intensities of a number of mass peaks.  Lastly, the conclusions and future 
direction for this work are explained in chapter 4. 
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CHAPTER 2. DISCRIMINATION BETWEEN PHOSPHOTIDYLCHOLINE 
LIPIDS 
 
2.1 Introduction 
Comprehensive characterization of lipid mixing behavior within model lipid membranes 
provides valuable information on how lipid-lipid interactions may contribute to cell membrane 
organization and function.
9,63
 The biophysical and structural properties of model lipid 
membranes are routinely probed by using fluorescence microscopy and atomic force 
microscopy.
26-29,64 
Spatially resolved compositional information that complements this 
biophysical and structural data is also essential for understanding biological membrane 
organization, but is presently more difficult to acquire. The lipid distribution within model 
membranes can be imaged in a chemically specific manner by using secondary ion mass 
spectrometry (SIMS).
37-49
 However, additional advances in SIMS methodologies are necessary to 
improve the specificity, sensitivity, and lateral resolution of lipid identification and imaging in 
label-free systems. 
Because TOF-SIMS is performed under ultra-high vacuum, biological membranes must 
be specially prepared in order to remove the water without disrupting the structure of the lipid 
membrane.  A freeze-drying method derived from those employed in freeze-fracture and 
cryoelectron microscopy experiments was previously developed for this purpose.
65
 This freeze-
drying process is performed immediately after bilayer formation. First, the hydrated membrane is 
manually immersed in liquid ethane to flash-freeze the bulk water in an amorphous state. Ethane 
gives fast cooling rate because of its high heat capacity.  Then the samples are transferred to a 
vessel cooled with liquid nitrogen, and the ice is sublimed from the sample under reduced 
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pressure, and the sample is warmed to room temperature before exposing to atmospheric 
pressure.  When properly performed, this freeze-drying process does not alter the lipid 
organization in the membrane.
66
 After dehydration, the membrane lipids do not exhibit lateral 
mobility, and membrane organization does not change over a time span of several weeks. 
Consequently, for comparative purposes, the membrane can be characterized with multiple 
techniques without membrane re-organization.  
For the analysis of lipid membranes using TOF-SIMS, lipid components are usually 
identified according to a limited number of characteristic lipid fragment ions in the TOF-SIMS 
spectra, such as those corresponding to lipid headgroups (i.e., phosphocholine at m/z = 184), 
fatty acids, and backbone segments.
39,41-45,67,68
  However, the use of these types of fragment ions 
to discriminate between structurally similar lipids, such as different phosphatidylcholine species, 
is especially problematic. Though low molecular weight fragment ions (i.e., phosphocholine and 
hydrocarbon ions) generate sufficient ion yields to achieve submicron lateral resolution, these 
ions are common to many structurally similar lipid species, prohibiting their use for species 
identification. Molecular ions and large fragment ions may be unique to a single component, but 
they usually have very low yields that compromise the working lateral resolution of the resulting 
TOF-SIMS image.
43,69
 Structurally similar lipids can be endowed with characteristic fragment 
ions through the use of stable isotope labeling,
43,45-49,68,69
 but label-free approaches are desired to 
facilitate sample preparation and SIMS analysis of native cell membranes. 
As discussed in the previous chapter, principal component analysis (PCA) is a 
multivariate analysis technique that is used to identify linear combinations of multiple mass 
peaks that reveal similarities and differences in the TOF-SIMS spectra of different samples.
70-71
  
Because PCA distinguishes TOF-SIMS spectra according to variations in the relative intensities 
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of many TOF-SIMS mass peaks, the abundant low mass ions that are common to structurally 
similar molecules, and thus, not utilized for univariate spectra interpretation, can be exploited for 
component identification.
71  
This use of a larger fraction of the TOF-SIMS spectral peaks for 
component identification increases image contrast and improves the specificity of component 
identification.
70-73
 PCA has been used to identify unlabeled lipids with different head groups and 
deuterated lipids in model membranes by their TOF-SIMS spectra.
69-72
  However, successfully 
discriminating the TOF-SIMS spectra of unlabeled structurally similar lipid species (i.e., lipids 
with the same head groups and degrees of saturation in the fatty acid tails) using PCA has not 
been reported.  
Here, we investigate the ability to distinguish and image structurally similar lipids within 
supported lipid membranes by using PCA to interpret TOF-SIMS spectral images.  Because high 
mass ions have low intensities in the TOF-SIMS spectra of lipid membranes, we first evaluate 
the feasibility of discriminating four different unlabeled saturated phosphatidylcholine species 
that are frequently studied in model membranes, 1,2-dilauroyl-sn-glycero-3-phosphocholine 
(DLPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), by PCA of 
the low mass ions (m/z ≤200)‎ in‎ their‎TOF-SIMS spectra. Discrimination of these species by 
TOF-SIMS is especially challenging because each contains a phosphocholine head group, 
glycerol backbone, and two saturated fatty acid tails that differ only in length (12, 14, 16, and 18 
carbons per fatty acid in DLPC, DMPC, DPPC, and DSPC, respectively). Next, we assess 
whether each lipid species within supported lipid membranes composed of DSPC/DLPC and 
DPPC/DLPC can be differentiated, visualized, and chemically identified by PCA of TOF-SIMS 
spectral images.  These lipid mixtures were selected because they are known to phase-separate 
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into DLPC-rich fluid-phase domains, and DSPC- or DPPC-rich gel-phase domains at room 
temperature.
48,49,74,75
 In addition, the chemically specific SIMS imaging of the lipid organization 
within these membranes has only been accomplished by using stable isotope labeling.
48,49
 To 
evaluate whether the principal component (PC) scores images generated from the TOF-SIMS 
spectra of the phase-separated membranes show the sizes and shapes of the gel- and fluid-phase 
domains, we compare the PC scores images to AFM images of the phase-separated domains that 
were acquired at the same membrane locations prior to TOF-SIMS analysis. Finally, we 
investigate whether the lipid composition at these distinct locations can be identified by 
projecting their TOF-SIMS spectra onto PC models developed using pure lipid spectra. 
 
2.2 Materials and methods  
2.2.1 Preparation of Thin Films of Pure Phosphatidylcholine Lipids 
DLPC, DMPC, DPPC, and DSPC were purchased in chloroform from Avanti Polar 
Lipids (Alabaster, AL) and used without further purification.  A thin film of each lipid standard 
was created by spotting a small droplet of the lipid dissolved in chloroform onto a 5 mm x 5 mm 
silicon substrate that was patterned with a chrome grid to facilitate sample positioning.
48
  The 
sample was subjected to vacuum for a minimum of 3 h to evaporate the solvent. 
 
2.2.2 Preparation of Phase-Separated Supported Lipid Membranes 
The lipid mixtures used to create phase-separated supported lipid membranes consisted of 
a 1:2 molar ratio of DSPC/DLPC or DPPC/DLPC, plus 1 mol% of the fluorescent lipid, 1-
palmitoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]lauroyl}-sn-glycero3-phosphocholine 
(NBD-PC, Avanti Polar Lipids, Alabaster, AL) for visualization with fluorescence microscopy.  
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Small unilamellar vesicles (SUVs) composed of DSPC/DLPC/NBD-PC were prepared by tip 
sonification (Branson Tip Sonifier Model 250D, Branson Ultrasonics, Danbury, CT).
33,43
  SUVs 
composed of DPPC/DLPC/NBD-PC were made with an extruder
16,18,43
 because this method 
produced larger phase-separated domains.  Supported lipid membranes were formed by slow-
cooled vesicle fusion on the silicon substrates described above.
48,49,76
 Briefly, 1:2 molar ratio 
mixtures of DSPC:DLPC and DPPC:DLPC were prepared.  Mixtures were dried under N2 and 
then under vacuum overnight to remove residual chloroform.  The DSPC:DLPC lipid film 
mixtures were reconstituted in 65°C Millipore (18 m) to a concentration of 0.5 mg/ml, and then 
were incubated in a water bath of the same temperature for 15 min.  The vesicle solutions were 
then vortexed for 30 sec, transferred to a plastic tube, and then tip sonicated for 30 sec intervals 
until the solutions became transparent.  The SUV solution was incubated at 65°C for 5 min in a 
water bath.  In contrast, the DPPC:DLPC lipid film mixtures, was resuspended in 50°C Millipore 
(18 m) to a concentration of 4 mg/ml, and SUVs were formed by passing the lipid suspension 
through a 50 nm polycarbonate membrane 19 times.  The entire extrusion process was performed 
on the 50˚C block.  After formation of SUVs by the aforementioned methods, 2.5 mL of hot 
water (at the respective 65°C or 50°C) and 2.5 mL of the lipid solution were deposited on 5 mm 
x 5 mm silicon substrates patterned with 100 µm x 100 µm chrome grids, fabrication details 
described previously,
46,48
 at room temperature that were placed inside a petri dish.  The dish was 
covered and the vesicles solution was incubated at room temperature for 30 min creating the 
formation of bilayers.  The substrates were then transferred to a clean, 18 m hot water bath and 
were gently shaken to remove excess vesicles as previously described.
49
 Great care was taken not 
to expose these samples to air, preventing bilayer delamination.  Once cleaned of excess vesicles, 
the substrates contained in a large water bath at 65°C and 50°C were placed in a programmable 
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oven maintained at 70˚C or 55˚C (DSPC:DLPC or DPPC:DLPC, respectively) for 1 hr, and then 
were slowly cooled to 20˚C with the cooling rate of 2.6°C/hr or 1.5°C/hr, respectively, to induce 
phase-separation.  To permit analyzing the samples with TOF-SIMS, which is performed under 
ultra-high vacuum (UHV), the samples were flash-frozen in liquid ethane, and then the ice was 
sublimed from the bilayer using an oil-free scroll pump (Triscroll 300, Varian, Inc. Palo Alto, 
CA).
42
  Fluorescence microscopy (Leica DM6000 B, Q-Imaging EXi Blue Fluorescence 
Microscope) was used to evaluate membrane quality, and to generate optical maps of the 
samples that enabled imaging the same sample locations with both AFM and TOF-SIMS.  
 
2.2.3 AFM Analysis of Phase-Separated Lipid Membranes 
The freeze-dried supported lipid membranes were imaged with an Asylum MFP-3D™ 
Stand Alone AFM (Asylum Research, Santa Barbara, CA) in ambient air and temperature.  
Measurements were taken in AC mode (tapping) in the repulsive tip-sample interaction regime 
with standard 300 kHz AFM probes (Tap300Al-G, Budget Sensors, Bulgeria).  AFM images 
were flattened to the second-order, and line scans between the gel- and surrounding fluid-phase 
domains were made to verify that symmetric phase-separated domains were present.   
 
2.2.4 TOF-SIMS Analysis 
TOF-SIMS analysis was performed on a PHI Trift-III TOF-SIMS (Physical Electronics 
Incorporated, Chanhassen, MN) using a gold liquid ion gun operated at 22 kV.  A 
197
Au
+
 primary 
ion beam with 3.7 nA and 1 nA was used to analyze the lipid films and phase-separated lipid 
membranes, respectively.  TOF-SIMS spectra of the lipid films were acquired from 100 µm × 
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100 µm sample regions using bunched mode. TOF-SIMS spectra were acquired at a minimum of 
four different regions on each pure lipid film.   
TOF-SIMS analysis of the phase-separated supported lipid membranes was performed in 
unbunched mode for optimal lateral resolution. TOF-SIMS images with 256 x 256 pixels were 
acquired from 85 µm × 85 µm or 65 µm × 65 µm areas on the membrane, and were cropped to 
show subregions of the membrane.  The TOF-SIMS spectra obtained had a mass range of 0 to 
800 amu with mass resolution of M/ΔM = 850 at the C3H7
+ 
peak (m/z 43).  The analysis time 
varied according to the size of the acquisition area in order to keep a constant primary ion dose 
of 2.4 × 10
12
 ions/cm
2
 for the pure lipid films, and 2.8 × 10
13
 ions/cm
2
 for the phase-separated 
supported lipid membranes.  
 Equation 2.1 was used to calculate the primary ion dose: 
                                          
    
        
                           
                                                                                                       
 
The frequency is dependent upon the mass range.  The load value must be multiplied by 200 × 
10
-9
 to obtain the 1/frequency then invert to obtain Hz. 
- The primary pulse width is determined by measuring the FWHM (full width half maximum) 
of the H signal multiply the number of channels at the FWHM by the resolution of the 
acquisition, which is 138 ps. 
 By plugging the values into the above equation the primary ion beam for the pure lipid 
films as well as the phase-separated supported membranes can be calculated as follows: 
- Primary ion dose calculation for the pure lipid films: 
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- Primary ion dose calculation for the phase-separated supported lipid membranes of (1:2) 
DSPC/DLPC: 
                                    
    
        
               
 
            
                                         
                 
          
            
           
    
   
 
For the DPPC/DLPC membrane, the TOF-SIMS images were acquired from 65 µm × 65 
µm membrane area, so the acquisition time was set as 41 min to keep the constant ion dose. 
 
2.2.5 PCA of TOF-SIMS Spectra of Pure Lipid Films and Phase-Separated Lipid Membranes   
PCA was performed using the PLS Toolbox and the MIA Toolbox (v.5.2.2 and v.1.0.7, 
respectively, Eigenvector Research, Manson, WA), which were run in MATLAB (v.7.8.0, 
MathWorks Inc., Natick, MA).  PLS Toolbox from Eigenvector Research running on MATLAB 
is the software used for PCA analysis.  For each set of data obtained from TOF-SIMS, a 
significant amount of peaks is added for analysis.  Prior to PCA, all data are preprocessed by 
normalizing and mean centering.  This procedure puts all variables on an equal basis in the 
analysis.  In this case, the higher mass peaks which are more chemically significant and have less 
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intensity, receive the same level of consideration in the analysis as the low mass peaks that are 
more intense.   
For each spectrum acquired from a pure lipid film, the normalized mass peaks from  m/z 
30 to 200 were used for analysis, but the peaks with m/z of 39 (potassium), 40 (calcium), 41 
(hydrocarbon contaminant), 52 (chrome grid), 73 (PDMS contaminant), and 147 (PDMS 
contaminant) were removed from the spectra.
77
  Each mass spectrum of a pure lipid film was 
transposed, normalized to the total ion counts of the remaining peaks, and mean-centered.  A PC 
model was constructed using the mass spectra from the four different lipid species.  Score plots 
were generated that illustrate the projection of each TOF-SIMS spectra of a phosphatidylcholine 
species onto the new PCs.  Loading plots were created that exhibit the linear combination of 
mass peaks that contributed to each PC. Mass peaks with large positive or negative loadings on a 
PC tend to have relatively higher intensities in the normalized spectra of the samples with 
positive or negative scores, respectively, on the same PC.
40 
For PCA of the TOF-SIMS spectral images acquired on the phase-separated supported 
lipid membranes, the mass peaks with counts of at least 0.1% of the highest observed count rate 
were imported directly into the PLS toolbox.  The mass peaks with m/z of 0 to 29 (nonspecific 
ions), 39 (potassium), 40 (calcium), 41 (hydrocarbon contaminant), 52 (chrome grid), 73 (PDMS 
contaminant), and 147 (PDMS contaminant) were removed from the spectra.  The resulting 
spectra were normalized, mean-centered and autoscaled.  Finally a PC model was created the 
score images of the sample clearly reveal the locations of the different species and the loading 
plot for each PC shows the linear combination of mass peaks that contribute to the PC was 
generated.   
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2.3 Results and discussion 
2.3.1 PCA Discrimination of TOF-SIMS Spectra of Saturated Phosphatidylcholine Species  
Representative TOF-SIMS positive ion mass spectra of four saturated phosphatidylcholine 
species are shown in Figure 2.1.  
 
Figure ‎2.1. The TOF-SIMS positive-ion spectrum and structures (inset) of four different saturated 
phosphatidylcholine species: (A) DLPC, (B) DMPC, (C) DPPC, and (D) DSPC.  The spectra were 
obtained using an ion dose of 2.4 × 10
12
 ions/cm
2
 and bunched mode for optimal mass resolution.   
 
The unique mass peaks that could be used to discriminate DLPC, DMPC, DPPC, and 
DSPC include the molecular ions (m/z 622, 678, 734, and 789, respectively), diacylglycerol 
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fragment ions (m/z = 439, 495, 551, and 607, respectively), monoacylglycerol fragment ions (m/z 
= 257, 285, 313, and 341, respectively), and fatty acids (m/z = 183, 211, 239, 267, respectively). 
However, high molecular weight ions (m/z >200) such as these usually have low intensities in 
the TOF-SIMS spectra acquired from supported lipid membranes.
10,58
 Few characteristic mass 
peaks with m/z ≤200 are present in the spectra of the lipid standards due to their similar 
structures.  
PCA was performed using the mass peaks with m/z from 30 to 200, excluding known 
contaminants, because these low mass ions are relatively abundant in the TOF-SIMS spectra of 
lipid membranes.
38,68
  The resulting PC scores plot illustrates the projection of the lipid spectra 
onto PC1 and PC2 (Figure 2.2A) illustrates that these phosphatidylcholine species can be 
differentiated and classified.  The ellipses around each group in the scores plots show the 95% 
confidence limit for the boundaries of the groups.
78
 The elliptical region enclosed with a dotted 
blue line denotes the 95% confidence limit for the model.  The majority of the variation between 
lipid species is captured by PC1, which separates the lipids according to the lengths of their fatty 
acid tails.  The mass peaks responsible for this lipid-specific separation have high loadings on 
PC1, and are shown in the loading plot (Figure 2.2B). These values are partially tabulated in 
Table 2.1.   
Both hydrocarbon and head group fragments have large loadings on PC1, indicating the 
normalized intensities of these ions vary significantly between the phosphatidylcholine species.  
The hydrocarbon ions with m/z of 55 (C4H7
+
), 57 (C4H9
+
), 67 (C5H7
+
), 69 (C5H9
+
), 71(C5H11
+
), 
79 (C6H7
+
), 81 (C6H9
+
), and 83 (C6H11
+
) have negative loadings on PC1 and therefore, relatively 
higher normalized intensities in the spectra from DSPC and DPPC. Head group fragments with 
m/z of 58 (C3H8N
+
), 59 (C3H9N
+
), 86 (C5H12N
+
), 102 (C5H12NO
+
), 104 (C5H14NO
+
), 166 
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(C5H13NPO3
+
), and 184 (C5H15NPO4
+
), and the dodecanoic acid fragment at m/z = 183 load 
positively on PC1, and thus, have relatively higher normalized intensities in the spectra of 
DMPC and DLPC. Although all four lipid species have the same phosphocholine head group, the 
head group ions have a relatively higher normalized intensity in the spectra of DLPC and DMPC, 
likely because DLPC and DMPC have shorter fatty acid tails that contribute fewer hydrocarbon 
ions to their spectra.  On PC2, the loadings for the mass peaks that correspond to lipid head 
groups (m/z = 184, 166, 104, 86, and 58) are negative, and the small hydrocarbon ion at m/z = 43 
has a large positive loading. 
 
 
Figure ‎2.2. Scores and loadings plots from PCA of the TOF-SIMS positive-ion spectra of DLPC, DMPC, 
DPPC, and DSPC lipid films. These four saturated phosphatidylcholine species differ only in the lengths 
of their fatty acid tails. (A) The scores plot on PC1 and PC2 differentiates the four phosphatidylcholine 
lipid species. (B) The loadings plot illustrates the positive ion mass peaks that contribute to the variation 
captured by each PC.  PCA was performed on the ion peaks with m/z from 30 to 200 amu, excluding the 
potassium (m/z = 39), calcium (m/z = 40), hydrocarbon impurity (m/z = 41), chrome (m/z = 52) and 
PDMS contaminant (m/z = 73 and 147) peaks. These peaks were normalized to the total counts obtained 
over this mass range and mean-centered.  The ellipses enclosed with solid lines, and a dashed blue line in 
the score plot show the border for each group, and the border of the entire PC model, respectively, at the 
95% confidence limit.     
 27 
 
PC2 may separate the samples according to disparities in their surface coverage, as 
opposed to lipid-specific chemical variations, because the intensities of the higher mass fragment 
ions and low mass hydrocarbon ions are influenced by surface coverage to differing degrees.
79
  
This ability to discriminate the lipid spectra according to the relative intensities of their low mass 
ions suggests that PCA of TOF-SIMS images might enable discriminating and imaging saturated 
phosphatidylcholine species within phase-separated lipid membranes. 
 
Table ‎2.1. Information on select peaks in the TOF-SIMS positive ion spectra of DLPC, DMPC, DPPC, 
and DSPC. 
m/z  Assignment Comments Loadings on PC1 
30 CH4N
+
 or C2H6
+
 Head group or hydrocarbon fragment 0.042 
43 C3H7
+
 or C2H2O
+
 Hydrocarbon chain or fatty acid fragment 0.065 
44 C2H4O Fatty acid fragment 0.012 
45 CHO2 Fatty acid fragment 0.045 
53 C4H5 Hydrocarbon chain fragment 0.091 
55 C4H7
+
 Hydrocarbon chain fragment -0.325 
57 C4H9
+
 Hydrocarbon chain fragment -0.306 
58 C3H8N
+
 Head group fragment 0.364 
59 C3H9N
+
 Head group fragment 0.120 
67 C5H7
+
 Hydrocarbon chain fragment -0.253 
 69 C5H9
+
 Hydrocarbon chain fragment -0.368 
70 C4H8N
+
 Head group fragment -0.015 
71 C5H11
+
 Hydrocarbon chain fragment -0.100 
72 C4H10N
+
 Head group fragment 0.013 
74 C4H12N
+
 Head group fragment 0.063 
79 C6H7
+
 Hydrocarbon chain fragment -0.105 
81 C6H9
+
 Hydrocarbon chain fragment -0.142 
83 C6H11
+
 Hydrocarbon chain fragment -0.156 
86 C5H12N
+
 Head group fragment 0.489 
88 C5H12O
+
 Fatty acid fragment 0.049 
95 C7H11
+
 Hydrocarbon chain fragment -0.058 
97 C7H13
+
 Hydrocarbon chain fragment -0.051 
102 C5H12NO
+
 Choline 0.060 
104 C5H14NO
+
 Choline 0.162 
150 C5H13NPO2
+
 Head group fragment 0.031 
166 C5H13NPO3
+
 Head group fragment 0.032 
183 C12H23O
+
 Dodecanoic acid fragment 0.026 
184 C5H15NPO4
+
 Phosphocholine 0.074 
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2.3.2 PCA of TOF-SIMS Spectra of Phase-Separated Supported Lipid Membranes 
Typically, TOF-SIMS analysis is performed using an ion dose below 10
13
 ions/cm
2
 to 
prevent exceeding the static limit.
72,80
  However, our initial studies demonstrated that we 
obtained higher ion counts and better contrast and sensitivity in the resulting PC scores images 
by slightly exceeding the static limit.  Figure 2.3A shows the AFM image of DSPC/DLPC 
membrane (1:2 molar ratio).  As it can be seen in Figure 2.3B, by applying PCA and obtaining 
the score plot the phase separation is barely discernable and according to Figure 2.3C, the gel-
phase domains have weak positive scores (greenish-blue), and the fluid-phase locations have 
weak negative scores (blue). 
Therefore, we used an ion dose of 2.8 × 10
13
 ions/cm
2
 to image the phase-separated lipid 
membranes.  Figure 2.4 shows select TOF-SIMS ion images of a DSPC/DLPC membrane (1:2 
molar ratio), and for comparison, the AFM image acquired at the same membrane location prior 
to TOF-SIMS analysis is shown in Figure 2.5A.  In the AFM image, the DSPC-rich gel-phase 
domains have diameters between 5 to 25 microns (light gray regions, Figure 2.5A), and protrude 
~1.5 nm above the surrounding DLPC-rich fluid-phase membrane regions (dark gray areas, 
Figure 2.5A). This height difference is slightly smaller than that previously measured between 
gel- and fluid-phase domains in DSPC/DLPC membranes,
48,49,76
 which may be due to our use of 
a repulsive tip-sample interaction for AFM imaging.
49,81,82
 Submicron-sized fluid-phase sub-
domains were also detected by AFM within the gel-phase domains.  
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Figure ‎2.3. (A) AFM image shows the morphologies of the DSPC-enriched gel-phase domains, and the 
surrounding DLPC-enriched fluid-phase regions in the DSPC/DLPC (1:2 molar ratio) phase-separated 
membrane. (B) PC3 scores image created by PCA of the TOF-SIMS spectra that was acquired using an 
ion dose of 4 x 10
12
 ions/cm
2
 at the same membrane location as that imaged in (A).  (C) Loadings on PC3 
show the mass peaks with the largest variability between the gel- and fluid-phase membrane regions. 
Mass peaks with positive loadings have slightly higher normalized intensities on the DSPC-rich gel-phase 
regions, and negative loading have slightly higher normalized intensities on the DLPC-rich fluid-phase 
domains. 
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Figure ‎2.4. Selected TOF-SIMS positive ion images acquired on phase-separated supported lipid 
membranes composed of DSPC/DLPC (1:2 molar ratio).  The images were obtained in unbunched mode 
for optimal lateral resolution.  The TOF-SIMS images were acquired of 85 µm × 85 µm areas with 256 x 
256 pixels, and were cropped to show a 65 µm × 65 µm area of the membrane. 
 
Comparison between the AFM and TOF-SIMS ion images of the same membrane 
location indicates the hydrocarbon fragments with m/z of 43 (C3H7
+
), 57 (C4H9
+
), 67 (C5H7
+
), 69 
(C5H9
+
), and 83 (C6H11
+
) have higher intensities on the gel-phase DSPC-rich domains, whereas 
the ions with m/z of 58 (C3H8N
+
) and 183 (C12H23O
+
) have higher counts on the fluid-phase 
DLPC-rich regions.  These observations are fairly consistent with the PC1 loadings calculated 
for the TOF-SIMS spectra of the pure lipid films (Figure 2.2B) even though the PC loadings are 
based on normalized spectra, whereas the TOF-SIMS images show total ion counts.  Although 
the PC model of the pure lipid films indicates the relative normalized intensity of the 
phosphocholine ion (m/z = 184) is higher on DLPC, the contrast in the m/z = 184 ion image is 
too low to identify the phase-separated membrane domains.   
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PCA of the TOF-SIMS spectral images yielded PC scores plots that graphically show the 
score value at every pixel in the original TOF-SIMS image (Figure 2.5B and C). Comparing the 
first two PC scores images to the AFM image acquired at the same location (Figure 2.5A) 
demonstrates that both the PC1 and PC2 scores images reveal phase separation, but the contrast 
is slightly better in the PC2 scores image.  For both PCs, the fluid-phase regions that are enriched 
with DLPC have positive scores (green areas), and the gel-phase domains that are enriched with 
DSPC have negative scores (blue regions).  Although PC2 accounts for only 1.21% of the pixel 
to pixel variation in the normalized TOF-SIMS peak intensities, this variation is significant 
because the PC2 scores image reveals the phase-separated lipid domains with better contrast 
(Figure 2.5C) than that obtained in any of the individual TOF-SIMS ion images (Figure 2.4). 
This improvement in the sensitivity and specificity of lipid detection obtained with PCA is 
further demonstrated by the detection of the ~5-μm-wide gel-phase domain at the top right 
corner of the AFM and PC2 scores images (Figure 2.5A and C), as this domain was not visible in 
any of the individual TOF-SIMS ion images (Figure 2.4).   
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Figure ‎2.5. (A) AFM image shows gel- and fluid-phase domains that are enriched with DSPC and DLPC, 
respectively, in the DSPC/DLPC (1:2 molar ratio) membrane. The PC1 (B) and PC2 (C) scores imaged 
generated by PCA of the TOF-SIMS spectra of the same membrane location.  For both PC1 and PC2, the 
gel-phase domains have negative scores (blue), and the fluid-phase locations have positive scores (green). 
(D) Loadings on PC1 and PC2 show the mass peaks with the largest variability between the gel- and 
fluid-phase regions. For PC1 and PC2, the mass peaks with positive loadings have higher normalized 
intensities on the fluid-phase DLPC-rich regions, and the peaks with negative loading have elevated 
normalized intensities on the gel-phase DSPC-rich domains. 
 
However, the submicron-size fluid-phase subdomains entrapped within the large gel-
phase domains shown in the AFM image (Figure 2.5A) were not resolved in either PC scores 
image, indicating these features are smaller than the working lateral resolution of this analysis. 
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The plot of the loadings (Figure 2.5D) shows which mass peaks have large positive loadings and, 
therefore, higher normalized intensities on the fluid-phase DLPC-rich areas, and the peaks with 
large negative loadings and thus, higher normalized intensities on the gel-phase DSPC-rich 
domains.  Many of the mass peaks that correspond to DSPC and DLPC according to the PC 
model developed on the pure lipid films are correlated with the DSPC-rich gel-phase and DLPC-
rich fluid-phase domains, respectively, based on the PC2 loadings for the PC model of the phase-
separated membrane. This agreement indicates that PC2 separates the spectra according to 
differences in lipid composition, and not variations in lipid packing or topography. 
We investigated the generality of PCA of TOF-SIMS spectra to discriminate and image 
different saturated phosphatidylcholine species by applying this approach to phase-separated 
DPPC/DLPC (1:2 molar ratio) membranes. Unlike the individual TOF-SIMS ion images of the 
DSPC/DLPC membrane (Figure 2.4), the domains are not discernable in the TOF-SIMS ion 
images of the DPPC/DLPC membrane (Figure 2.6).  For comparison, the AFM image acquired 
at the same location prior to TOF-SIMS analysis (Figure 2.7A) shows gel-phase domains that are 
several microns in diameter and protrude ~1 nm above the surrounding fluid phase. This height 
difference is  slightly smaller than that previously reported (1.4 nm),
83
 which, as stated above, is 
likely due to our use of a repulsive tip-sample interaction for AFM imaging.
49,81,82
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Figure ‎2.6. Selected TOF-SIMS positive-ion images acquired on phase-separated supported lipid 
membranes composed of DPPC/DLPC (1:2 molar ratio).  The images were obtained in unbunched mode 
for optimal lateral resolution.  The TOF-SIMS images were acquired of 65 µm × 65 µm areas with 256 x 
256 pixels, and were cropped to show a 60 µm × 60 µm region of interest. Phase-separated domains 
cannot be clearly identified in these images. 
 
Although phase-separation was not visible in the PC1 scores image calculated from the 
TOF-SIMS spectra of the DPPC/DLPC membrane (not shown), the PC2 score image (Figure 
2.7B) clearly shows distinct regions that correlate with the gel- and fluid-phase domains detected 
with AFM (Figure 2.7A). The plot of the PC2 loadings shows the mass peaks that have positive 
loadings, and therefore, higher normalized intensities on the gel-phase DPPC-rich domains, and 
the peaks with negative loadings and thus, higher normalized intensities on the fluid-phase 
DLPC-rich domains (Figure 2.7C).  
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Figure ‎2.7. (A) AFM image shows the morphologies of the DPPC-enriched gel-phase domains, and the 
surrounding DLPC-enriched fluid-phase regions in the DPPC/DLPC (1:2 molar ratio) phase-separated 
membrane. (B) PC2 scores image created by PCA of the TOF-SIMS spectra of the same membrane 
location as (A).  The gel-phase domains have positive scores (green), and the fluid-phase locations have 
negative scores (blue). (C) Loadings on PC2 show the mass peaks with the largest variability between the 
gel- and fluid-phase membrane regions. Mass peaks with positive loadings have higher normalized 
intensities on the DPPC-rich gel-phase regions, and negative loading have higher normalized intensities 
on the DLPC-rich fluid-phase domains. 
 
2.3.3 Identification of Lipid Composition in the Gel- and Fluid-Phase Domains within Phase-
separated Membranes using PCA 
TOF-SIMS spectra were extracted from four regions of interest (ROIs) that corresponded 
to gel- and fluid-phase domains, identified by comparison to the AFM image on the 
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DSPC/DLPC and DPPC/DLPC membranes (8 ROIs per membrane, 16 ROIs in total). For each 
of the resulting 16 TOF-SIMS spectra, the normalized peaks from m/z 30 to 200 that did not 
correspond to the impurity peaks mentioned above were loaded as the validation block in the PC 
model developed on the pure lipid films.  The mass spectra from the lipid membranes were 
transposed, normalized to the total ion counts in each spectrum, mean-centered, and then 
projected onto the PC model developed using the pure lipid films. 
To identify the lipid composition within the gel- and fluid-phase domains (Figure 4B and 
6B), we projected the TOF-SIMS spectra that we extracted from regions corresponding to gel- or 
fluid-phase domains in the DSPC/DLPC and DPPC/DLPC membranes onto the PC model 
developed using the DLPC, DMPC, DPPC, and DSPC spectra, which was shown in Figure 2.2.  
The resulting PC scores plot is shown in Figure 2.8.  As expected based on phase diagrams for 
this lipid mixture,
48,49,74,75
 the scores on PC1 for the spectra acquired on the DPPC/DLPC 
membrane indicate that the gel-phase domains are composed of DPPC, and the fluid-phase 
domains are enriched with DLPC. The PC1 scores for the TOF-SIMS spectra acquired from the 
DSPC/DLPC membrane designate that the gel-phase domains correspond to DSPC, in agreement 
with phase diagrams and previous reports.
48,49,74,75
  The fluid-phase regions had scores on PC1 
that were most similar to DMPC, followed by DLPC.  Because these are model membranes with 
known composition, we conclude that the fluid-phase domains were enriched with DLPC, and 
not DMPC.  We suggest that the lower scores on PC1 might be due to the presence of tiny gel-
phase domains in the fluid-phase. The agreement between the compositions we determined by 
projecting onto PC models developed using lipid standards and previous reports
48,49,74,75
 suggests 
that the chemical variations identified in the PC scores images were not due to the presence of 
the small amount (1 mol%) of fluorophore-labeled lipid in the fluid phase or difference in lipid 
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packing between the two phases. However, we note that the spectra from the lipid membranes 
had large class boundaries and large residuals on the PC model of the lipid standards, indicating 
the lipid membranes were not well described by this PC model.  This imperfect fit may be due to 
differences in the surface coverage, lipid orientation, or ion dose used to analyze the lipid 
standards and membranes, and suggests these conditions should be keep constant to optimize the 
fit. Nonetheless, these results demonstrate that the lipid composition within distinct membrane 
domains can be identified through the use of PC models of pure lipid spectra. 
 
 
Figure ‎2.8. Projection of the TOF-SIMS spectra extracted from gel- and fluid-phase regions of the 
DSPC/DLPC and DPPC/DLPC membrane onto the PC scores plot developed using the TOF-SIMS 
positive-ion spectra of the four phosphatidylcholine species: DLPC, DMPC, DPPC, and DSPC. The PC1 
scores of the TOF-SIMS spectra extracted from the phase-separated membranes identifies the lipid 
composition at these sites. 
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CHAPTER 3.  MATRIX-ENHANCED TOF-SIMS 
 
3.1 Glycans 
Glycans are complex carbohydrates attached to lipids and proteins on the surface of 
animal cells.  Glycans mediate cell adhesion and they are involved in cell signaling.
84
 Changes in 
glycosylation are correlated with tumor invasion and cancer metastasis, though the precise roles 
of glycans in cancer are poorly understood.
85
 Knowledge of glycan structures and locations on 
individual cells is required to determine their normal and disease-related functions.  A major 
obstacle to acquiring this knowledge is the lack of suitable methods to identify and visualize 
glycans on individual cells.  Such a method would also facilitate the identification of abnormal 
glycans that are correlated with cancer progression, which might serve as biomarkers for early 
cancer detection, or targets for anti-cancer treatments.
86
   
TOF-SIMS can be used to acquire mass spectra of glycan films and bilayers. This data 
can be interpreted to determine the structures and distributions of glycans on samples.  However, 
deciphering the glycolipid composition encoded in mass spectra is expected to be challenging 
because the spectra may be dominated by monosaccharide fragment ions that are common to 
numerous glycans, and multiple monosaccharides are structural isomers, and thus have identical 
molecular weights and fragmentation patterns. Although multivariate analysis techniques will 
facilitate interpretation of the TOF-SIMS spectra, the quality of the spectra is crucial and thus 
must be optimized.  Consequently, there is a need to develop an approach to increase TOF-SIMS 
sensitivity, improve the ionization efficiency, and enhance the ejection of secondary ions. 
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3.2 Matrix-enhanced TOF-SIMS 
As mentioned above, glycan differentiation by using TOF-SIMS is especially difficult 
because the TOF-SIMS spectra is dominated by monosaccharide fragment ions produced by 
many glycans, as some species share a common oligosaccharide core (Figure 3.1).  To enhance 
the yields of macromolecular and high mass fragment ions that will be most useful for 
identification, a matrix that reduces molecule fragmentation by absorbing the incident primary 
ion energy can be deposited on the samples.
87-90 
 
 
Figure ‎3.1. Structures of selected glycoscylated sphingolipids.
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MALDI (matrix-assisted laser desorption/ionization) is a mass spectrometry technique 
capable of producing ions with significantly higher masses than SIMS.  The use of the MALDI 
matrix is a critical factor for obtaining the higher mass ions. These matrices reduce molecular 
fragmentation, increasing the yields of molecular ions and high molecular weight fragment ions 
in the resulting spectra.
92
 The application of MALDI matrices to TOF-SIMS samples, such as 
polymers, phospholipids, oligonucleotides and peptides, and proteins, has been shown to 
improve the ionization efficiency and detection of molecular ions.
93-95
  This technique is named 
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matrix enhanced (ME) SIMS.  ME-SIMS has the advantages that the use of the matrix is both 
inexpensive and easy to apply, and it improves the secondary ion yields acquired with static 
TOF-SIMS.  ME-SIMS combined with multivariate analysis has the potential to improve the 
identification of glycans, such as glycosphingolipids, by enhancing the yields of macromolecular 
and high mass fragment ions that are likely to be characteristic of specific glycolipids. 
 
3.3 Matrix solution for Glycans 
In typical MALDI sample preparation, the analyte is mixed with a matrix compound, 
which then allowed to be crystallized by evaporation of the solvent. The 2,5-dihydroxybenzoic 
acid (2,5-DHB) is the most popular matrix for carbohydrates to ionize the natural glycans in 
positive mode.  DHB enhances the signal intensity for the molecular species.
96-97
 2,5-DHB 
typically crystallizes from mixtures of methanol, acetonitrile, or ethanol and water and forms 
needle-shaped crystals.
96
  Even film of crystals can be formed by dispensing ethanol onto the 
dried spot and allowing to recrystallize.
96
 Fast vacuum drying can be also used to produce fine 
crystals.
98 
In another procedure, the matrix dissolved in solvent is deposited onto the target, 
allowed to dry. Then the dried matrix is covered with the sample dissolved in water or 
chloroform.
96
 To obtain more uniform coverage, the matrix solution can be sprayed onto the 
sample as small droplets.   
Normally, using the 2,5-DHB matrix is sufficient for most applications. However,‎“Super‎
2,5-DHB”‎ matrix, which consists of a mixture (9:1 ratio) of 2,5-DHB and 2-hydroxy-5-
methoxybenzoic acid, respectively,
99
 can increase the sensitivity for MALDI-MS. 
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3.3.1 Matrix/analyte mixture preparation 
Galactosylceramide and glucosylceramide were purchased from Matreya, LLC (Pleasant 
Gap, PA), and 2,5-dihydroxybenzoic acid (98%) was purchased from Aldrich (Saint Louis, MO) 
and used without further purification.  Chloroform (purity > 99.8%) was purchased from Sigma-
Aldrich.  
To‎make‎matrix/anayte‎mixture,‎ 1‎μL‎ (10‎pmol/μL‎ in‎2:1‎ chloroform:methanol)‎of‎ the‎
glycan‎sample‎was‎mixed‎with‎1.5‎μL‎of‎DHB‎solution‎(100‎mg/mL‎in‎methanol).‎‎Then‎2‎μL‎of‎
the mixture was vortexed and spotted on silicon substrate and dried under vacuum for 3 h. To 
make‎ each‎ pure‎ glycosphingolipid‎ film,‎ 1‎ μL‎ (10‎ pmol/μL)‎ of‎ the‎ glycosphingolipid‎ solution‎
was‎ mixed‎ with‎ 1.5‎ μL‎ methanol‎ (empty‎ vehicle),‎ vortexed,‎ and‎ then‎ 2‎ μL‎ of‎ the‎ resulting‎
mixture was spotted on silicon substrate and dried at under vacuum. 
 
3.4 TOF-SIMS Analysis 
TOF-SIMS analysis was performed on a PHI Trift-III TOF-SIMS (Physical Electronics 
Incorporated, Chanhassen, MN) using a gold liquid ion gun operated at 22 kV.  A 
197
Au
+
 primary 
ion beam with 3.7 nA was used to analyze the glycan films.  TOF-SIMS spectra of the glycan 
and matrix/glycan films were acquired from 100 µm × 100 µm sample regions using bunched 
mode. TOF-SIMS spectra were acquired at four different regions on each pure lipid film. The 
TOF-SIMS spectra obtained had a mass range of 0 to 1000‎amu‎with‎mass‎resolution‎of‎M/ΔM‎=‎
850 at the C3H7
+
 peak (m/z 43) with the primary ion dose of 2.4 × 10
12
 ions/cm
2
. 
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3.5 Results and discussion 
Representative TOF-SIMS positive ion mass spectra of galactosylceramide are shown in 
Figure 3.2A.  Figure 3.2B shows a positive ion TOF-SIMS mass spectrum of GalCer with 2,5-
DHB matrix.   
 
 
Figure ‎3.2. (A) The TOF-SIMS and (B) ME-SMIS positive-ion spectrum of GalCer obtained in bunched 
mode. (C) GalCer’s‎structure‎and‎fragment‎table.   
 
The unique mass peaks that may be used to discriminate GalCer from 
phosphatidylcholine lipid species include the sphingoid backbone ion m/z = 264, which had 
significant intensity, and 282.  The molecular rearrangements that produce these fragments and 
their structures are shown in Figure 3.3.  Initial loss of the galactose residue or H2O/HOAc 
produces these characteristic sphingoid ions.
100
   
Comparing Figure 3.2A and 3.2B, the addition of matrix softened the ionization 
conditions for the analyte molecules and resulted in increased intensity of certain fragment ions 
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(m/z = 220, 244, 484, 760, 832, and 848), which are shown in Figure 3.2C.  Intense signals due 
to the pseudomolecular ions of [M + Na]
+
 (m/z 832) and [M + K]
+
 (m/z 848) were detected with 
~three times higher intensity in the spectrum of ME-SIMS than the of conventional TOF-SIMS 
spectrum.  
  
 
Figure ‎3.3. Fragmentation pathway of ceramide derived from GalCer.
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The TOF-SIMS and ME-SIMS of positive ion mass spectra of glucosylceramide was also 
acquired, and is shown in Figure 3.4A and 3.4B, respectively. Sphingosine ions such as m/z = 
244 and 262 may be used to distinguish glucosylceramide from phosphatidylcholine lipids.  
Based on the results presented in Figures 3.2B and 3.4B, the use of DHB increases the intensities 
of the psuedo-molecular ions [M+Na]
+
 and [M+K]
+
 produced by these glycosphingolipid 
species.  
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Figure ‎3.4. (A) TOF-SIMS and (B) ME-SMIS positive-ion spectrum of GlcCer obtained in bunched 
mode.‎(C)‎GlcCer’s‎structure‎and‎fragment‎table.   
 
Figure 3.5A and 3.5B show the TOF-SIMS positive- and negative-ion spectra, 
respectively, acquired from a DHB film.  The most abundance peaks in both positive- and 
negative-ion modes are listed in Figure 3.5C.  Ions such as [DHB+H]
+
 (m/z = 155), DHB
+
 (m/z = 
154) and [DHB-OH]
+
 (m/z = 137) are present in the positive-ion spectum.  In the negative-ion 
spectrum, [DHB-H]
-
 (m/z = 153), [DHB-H2]
-
 (m/z = 152) and two fragment ions (m/z = 108 and 
109) resulting from decarboxylation are observed.  
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Figure ‎3.5. (A) The TOF-SIMS positive-ion and (B) negtive-ion pectrum of DHB with its structure 
(inert), and (C) the positive and negative fragments table. 
 
Because interpretation of all the mass peaks in their spectra of glycophingolipids can be 
very challenging, PCA was applied to the positive-ion TOF-SIMS spectra  of GalCer and GlcCer 
in the presence and absence of DHB matrix in order to distinguish these components and identify 
different fragmentation according to combinations of mass spectral peaks that are characteristic 
to each component. Note that these two glycosphingolipids differ in the structures of their sugar 
headgroups, which are structural isomers, and the lengths and degrees of saturation in their fatty 
acid moiety.  PCA was performed using the mass peaks with m/z from 30 to 200, excluding the 
known contaminants mentioned in the previous chapter. This mass range was selected because of 
their relevance to imaging TOF-SIMS, as the ions in this mass range have significant intensity, 
and therefore would likely be present in the spectra collected from individual pixels in a TOF-
SIMS image.  The resulting PC scores plot shows the projection of the each of these samples 
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onto PC1 and PC2 (Figure 3.6A), and demonstrates that these species can be differentiated and 
classified. The ellipses around each group in the scores plots show the 95% confidence limit.
78
 
The elliptical region outlined with a dashed blue line marks the 95% confidence limit for the 
model. PC1 separates GalCer from GlcCer, but this separation is not as good as that obtained 
with the phosphatidylcholine species investigated in Chapter 2.  The mass peaks responsible for 
this separation are shown in the loading plot (Figure 3.6B). 
 
 
Figure ‎3.6. Scores and loadings plots from PCA of the TOF-SIMS and ME-SIMS positive-ion spectra of 
GalCer and GlcCer films. These glycosphingolipid species have sugar headgroups that are structural 
isomers, and their fatty acid tails differ in the length and saturation. (A) The scores plot on PC1 and PC2 
shows separation between the glycosphingolipid species. (B) The loadings plot reveals the positive-ion 
mass peaks that contribute to the variation captured by each PC.  PCA was performed on the ion peaks 
with m/z from 30 to 200 amu, excluding the potassium (m/z = 39), calcium (m/z = 40), hydrocarbon 
impurity (m/z = 41), chrome (m/z = 52) and PDMS contaminant (m/z = 73 and 147) peaks. These peaks 
were normalized to the total ion counts obtained over this mass range, and mean-centered.  The ellipses 
with solid lines in the scores plot represent the border for each group at the 95% confidence limit.   The 
larger ellipse with the dashed blue line designates the border for the model space at the 95% confidence 
limit.     
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The ions with m/z of 45, 55, 58, 67, and 69 have negative loadings on PC1 and therefore, 
relatively higher normalized intensities in the spectra from GalCer.  Fragments with m/z of 43, 
104 and 105 load positively on PC1, and thus, have relatively higher normalized intensities in the 
spectra of GlcCer.  PC2 also separated the TOF-SIMS positive spectra of both glycans from the 
positive spectra collected using ME-SIMS.  The masses that have negative loading on PC2 are 
mostly related to DHB fragmentat ions, these ions (m/z 81, 83, 137, 155, 198 and 199) have high 
normalized intensity in positive mass spectra obtained from the GalCer/DHB and GlcCer/DHB 
films. 
To identify the sets of higher mass secondary ions that have the most variance between 
these four samples, PCA was applied to the normalized mass spectra collected with TOF-SIMS 
and ME-SIMS using the mass peaks fromm/z 100 to 1000. The resulting PC scores plot shows 
the projection of GalCer, GlcCer, GalCer and DHB, and GlcCer and DHB spectra onto PC1 and 
PC2 (Figure 3.7A).  PC1 separates the glycosphingolipids films that contain DHB from the pure 
glycosphingolipid spectra. PC2 separates the samples according to glycosphingolipid 
composition. The loading plot (Figure 3.7B) shows the mass peaks responsible for these 
separations. Mass peaks that had high intensities in the positive-ion spectra acquired from DHB 
(Figure 3.6B), such as m/z 137 and 155, have positive loadings on PC1. The masses with positive 
loadings on PC2 have a higher normalized intensity in the GlcCer spectra. The ions with 
negative PC2 loadings are more abundant in the GalCer spectra, (i.e., the sphingoid ion at m/z= 
264 has high intensity in the GalCer spectrum shown in Figure 3.2).     
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Figure ‎3.7. Scores and loadings plots from PCA of the TOF-SIMS and ME-SIMS positive-ion spectra of 
GalCer and GlcCer films. These glycosphingolipid species have sugar headgroups that are structural 
isomers,  and differ in the lengths of their fatty acid tails. PCA was performed on the ion peaks with m/z 
from 100 to 1000 amu. These peaks were normalized to the total counts obtained over this mass range and 
mean-centered.  The ellipses in the score plot represent the border for each group at the 95% confidence 
limit. (A) The scores plot on PC1 and PC2 differentiates the glycosphingolipid species much better than 
that obtained using the lower mass range (Figure 3.6). (B) The loadings plot shows the positive-ion mass 
peaks that contribute to the variation captured by each PC.   
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CHAPTER 4. CONCLUSION REMARKS AND FUTURE DIRECTIONS 
 
4.1 Conclusions 
To understand the lipid organization within biological membranes, information on the 
lateral distributions of the different lipid species is required.  Techniques such as fluorescence 
microscopy and AFM provide information about the structural characteristics of the phase-
separated domains (e.g. size, shape) in supported lipid bilayers (SLBs).  However, these methods 
do not provide chemically specific and well spatially resolved compositional data on SLBs.  In 
recent years, TOF-SIMS has become a powerful analysis tool for identifying the structure and 
mapping the distribution of various molecules due to its ability to acquire both chemical and 
positional information from a biological surface.  However, an efficient statistical method is 
required to identify combinations of mass peaks in the TOF-SIMS spectra that are characteristic 
of different species and can be used to discriminate between similar molecules and closely 
related samples.  PCA is a multivariate analysis technique that identifies correlations in the 
intensities of the mass peaks that are characteristic of different species.  This technique is a 
promising approach to interpreting the compositional information encoded within TOF-SIMS 
spectra acquired from complex biological species.   
In this thesis, it is demonstrated that: 
1- By applying PCA on the positive-ion spectra obtained with TOF-SIMS, saturated 
phosphotidylcholine lipids with the same head groups and fatty acid chains that 
differ only in length can be discriminated and clustered based on the variance in their 
relative abundances of peaks intensity.   
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2- The distributions of saturated phosphatidylcholine species within phase-separated 
lipid membranes can be differentiated and visualized by slightly exceeding the static 
limit of TOF-SIMS analysis, and using PCA to interpret the TOF-SIMS spectra. 
3- Projection of the TOF-SIMS spectra from phase-separated domains onto PC models 
developed using pure lipid samples enables the identification of the lipid composition 
within subregions of the membrane.   
4- The yields of high mass molecular ions acquired from the glycosphingolipids, 
GalCer and GlcCer, with TOF-SIMS can be increased through the use of the MALDI 
matrix DHB. 
5- PCA of the positive-ion spectra obtained with TOF-SIMS and ME-SIMS enables 
discrimination of the structurally similar glycosphingolipids, GalCer and GlcCer, 
which have sugar headgroups that are structural isomers (glucose and galactose) and 
two fatty acid chains that differ in length according to variance in the relative 
intensities of a number of mass peaks.   
6- ME-SIMS increases the relative intensities of molecular ions and high molecular 
weight fragment ions in the spectra.  
 
4.2 Future Directions 
PCA of TOF-SIMS data can enable imaging and identifying the lipid composition at 
small areas within label-free model membranes composed of less well-characterized lipid 
mixtures.  The development of PC models of additional lipid components and cholesterol may 
also allow the discrimination and chemical imaging of structurally similar lipids within more 
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complex membranes.  Further improvements in TOF-SIMS imaging and multivariate analysis 
approaches may also permit the detection of submicron-sized membrane domains. 
ME-SIMS combined with multivariate analysis approaches such as PCA can be used to 
identify and visualize glycans with various structures within supported lipid membranes. 
Expansion of the applicability of this technique to more complex glycan samples might be 
achieved with systematic studies using well-defined samples. More complex model membranes 
and cells with known glycosylation patterns can be used to experimentally validate that glycans 
within more complex environments can be correctly identified with this approach. Through an 
iterative process of technique development, this methodology might eventually be expanded to 
enable identifying glycans and imaging their distributions on individual, unlabeled cells.  
Ultimately, an optimized ME-SIMS and multivariate analysis approach might enable detection of 
the systematic variations in the amounts of the glycosphingolipids GM1, GD1a, GM2, GD2, GM3, 
GT3 that change drastically during cancer progression,
102-105  
and advance our understanding of 
the roles of glycans in cellular adhesion and cancer progression.  
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